ABSTRACT: Autism spectrum disorder (ASD) is a devastating neurodevelopmental disorder. Over the past decade, evidence has emerged that some children with ASD suffer from undiagnosed comorbid medical conditions. One of the medical disorders that has been consistently associated with ASD is mitochondrial dysfunction. Individuals with mitochondrial disorders without concomitant ASD manifest dysfunction in multiple high-energy organ systems, such as the central nervous, muscular, and gastrointestinal (GI) systems. Interestingly, these are the identical organ systems affected in a significant number of children with ASD. This finding increases the possibility that mitochondrial dysfunction may be one of the keys that explains the many diverse symptoms observed in some children with ASD. This article will review the importance of mitochondria in human health and disease, the evidence for mitochondrial dysfunction in ASD, the potential role of mitochondrial dysfunction in the comorbid medical conditions associated with ASD, and how mitochondrial dysfunction can bridge the gap for understanding how these seemingly disparate medical conditions are related. We also review the limitations of this evidence and other possible explanations for these findings. This new understanding of ASD should provide researchers a pathway for understanding the etiopathogenesis of ASD and clinicians the potential to develop medical therapies. 
A utism spectrum disorder (ASD) is an umbrella term that describes a heterogeneous group of neurodevelopmental disorders that share a common set of behavioral and cognitive impairments. ASD includes the more specific diagnoses of autistic disorder, Asperger's syndrome, and pervasive developmental disorder-not otherwise specified (PDD-NOS). These disorders are defined behaviorally by impairments in communication and social interaction along with restrictive and/or repetitive behaviors. Recent estimates suggest that up to 1 in 110 individuals in the United States are affected with ASD (1) .
The etiology and biological basis of ASD is unclear at this time. Although several genetic syndromes, such as Fragile X and Rett syndromes, have been associated with ASD, empirical studies have estimated that genetic syndromes only account for 6 -15% of the cases of ASD (2) . Thus, the majority of ASD cases are nonsyndromic with a clear etiology yet to be defined. The abnormal behavioral and cognitive features that define ASD are believed to arise from dysfunction of the CNS.
However, evidence from many fields of medicine has documented multiple non-CNS biological abnormalities associated with ASD.
Over the past decade, we have started to understand that some children with ASD suffer from undiagnosed comorbid medical conditions such as abnormalities in the peripheral nervous, musculoskeletal, endocrine, gastrointestinal (GI), immune, detoxification, redox regulation, and energy generation systems (3) . This has changed our view of ASD from a primary CNS disorder to a disorder that affects multiple physiological systems. This recognition has resulted in the evaluation of children with ASD by a wide variety of medical practitioners and leads to the justification for a wide variety of medical treatments for ASD. Although certain novel and complementary medical treatments may prove to be effective, the lack of objective, well-controlled clinical studies has limited the recommendations of such treatments (4) . One of the difficulties with treating particular physiological (e.g. detoxification) or organ-specific (e.g. GI) abnormalities is that it is not clear whether such abnormalities are primary to the disease process associated with ASD or are secondary to a more basic abnormality of cellular function. Thus, it is not clear whether many ASD treatments address the physiological cause of ASD or whether they merely address specific symptoms. This can be attributed to the fact that the biological mechanisms that underlie the cause of ASD have not been fully elucidated. In fact, few theories have been formulated to connect the seemingly disparate abnormalities in multiple organ and physiologic systems found in ASD. Connecting all of these seemingly disparate abnormalities to a dysfunction in one particular aspect of cellular, physiologic, or metabolic function would help researchers better understand the underlying cause of ASD and develop treatments to more effectively treat, or even prevent, ASD.
There is growing evidence that mitochondrial dysfunction may be important in nonsyndromic ASD (5) , and limited evidence suggests that mitochondrial dysfunction may also be associated with genetic syndromes that include ASD features, such as Rett (6) and Angelman's (7) syndromes. Mitochondrial dysfunction is an excellent candidate for a basic cellular abnormality that could cause disturbances in a wide range of physiological and organ systems because mitochondria are essential for many basic cellular functions throughout the body (8) . Evidence for mitochondrial dysfunction in ASD was first suggested Ͼ20 y ago. Indeed, Coleman and Blass (9) hypothesized that individuals with ASD may have an abnormality in carbohydrate metabolism in 1985, and Lombard (10) proposed that ASD may be a disorder of impaired mitochondrial function and abnormal brain bioenergetics in 1998. Over the past decade, evidence has accumulated that some individuals with ASD have concomitant mitochondrial dysfunction. Estimates of the prevalence of mitochondrial dysfunction in ASD vary widely. Although a large population-based study estimated the prevalence of mitochondrial disease in ASD as 7.2% (11), a more recent controlled study in the Journal of the American Medical Association suggested that mitochondrial dysfunction may be present in up to 80% of children with ASD (12) . In addition, some investigators have proposed a "mitochondrial autism" subgroup (13) . In a systematic review and meta-analysis, we recently demonstrated that there is significant evidence for both mitochondrial disease and dysfunction in children with ASD (5) .
In this review, we discuss some of the evidence that supports the notion that mitochondrial dysfunction may contribute to many of the clinical findings associated with ASD and explain some of the evidence linking physiological abnormalities to ASD and animal models of ASD that have been linked to mitochondrial dysfunction. We also discuss the limitations of these studies.
Mitochondrial Function and Dysfunction
Mitochondrial medicine is a relatively new and rapidly evolving field of medicine. Mitochondrial disease was once thought to be uncommon but is now considered the most recognized cause of metabolic disease (14) , with the minimum birth prevalence of an electron transport chain defect estimated at 1 in 7634 individuals (15) . Mitochondrial disorders have been recently implicated in many neurological and psychiatric diseases, including neurodegenerative diseases such as Huntington's disease and Friedreich's ataxia (16) and Parkinson's disease and amyotrophic lateral sclerosis (17) .
Mitochondria are distinct cellular organelles that oxidize glucose and fatty acids to generate ATP, the energy carrier in most mammalian cells (8) (Fig. 1) . Mitochondria contain two plasma membranes, an inner and an outer membrane. One of the key energy-associated pathways, the tricarboxylic acid cycle, is located in the mitochondrial matrix, whereas the final common pathway for energy production, the electron transport chain, is located on the inner mitochondrial membrane. The number of mitochondria in each cell depends on the cellular energy demands. Low-energy cells, such as skin cells, have fewer mitochondria, whereas cells that require high-energy Glucose and fatty acids are processed through separate but overlapping pathways to create ATP. The fatty acid oxidation pathway, tricarboxylic acid (TCA) cycle, and the pyruvate dehydrogenase complex (PDC) are located within the mitochondrion matrix, which is located inside the inner mitochondrial membrane. Long-chain fatty acids require the carnitine shuttle to enter the mitochondrial matrix, whereas medium-and short-chain fatty acids do not require the carnitine shuttle. One of the enzymes for the TCA cycle, succinate dehydrogenase, is complex II of the electron transport chain (ETC). Electron carriers, NADH and FADH 2 , transfer energy from the TCA cycle, and fatty acid oxidation pathway to the ETC. The ETC is the final common pathway for the generation of ATP from ADP. The bottom panel lists some of the physiological consequences of mitochondrial dysfunction.
demands, such as muscle, brain, and GI cells possess many mitochondria. Mitochondria are the only organelle in mammalian cells with their own genome. Electron transport chain enzymes are coded by both mitochondrial DNA and nuclear DNA, whereas other mitochondrial enzymes are coded by nuclear DNA (14) . In addition to energy production, the mitochondria are intimately involved in programmed cell death (apoptosis), calcium homeostasis, synaptic plasticity, and neurotransmitter release (18, 19) .
The diagnosis of mitochondrial disease can be challenging and is based on several objective clinical, histological, biochemical, molecular, neuroimaging, and enzymatic findings. Several major diagnostic criteria can be used; Table 1 provides the outline of a widely used criterion for diagnosing children with mitochondria disease, the Morava et al. (20) criterion. This criterion assigns point values to clinical, metabolic, imaging, and morphological features. A mitochondrial disease criteria (MDC) score is calculated by summing the points associated with these features. The MDC score predicts mitochondrial disease as not likely (Յ1), possible (2-4 points), probable (5-7 points), or definite (Ն8 points). Notably, some of the laboratory evidence used in this criterion requires an invasive muscle biopsy procedure to obtain tissue for histology, electron microscopy, and/or functional enzymatic assays. Morava et al. (20) outlined a MDC score of Ն3 as criterion for performing a further workup, including a muscle biopsy, to confirm a diagnosis of mitochondrial disease. The need for a muscle biopsy to obtain additional evidence of mitochondrial disease is a confounding factor for all the criteria used to diagnose mitochondrial disease because not all families agree to this invasive procedure. This is not an uncommon problem in clinical practice and probably biases the confidence of diagnosing mitochondrial disease in both clinical practice and research studies.
Clinical Features Associated With ASD Are Also
Associated With Mitochondrial Disease Table 1 divides the Morava et al. criterion into the symptoms and laboratory findings that have been typically associated with ASD, those that might be associated with ASD and those that are probably not associated with ASD. The association between these features and ASD was determined by a review of the literature, and the best estimates of the prevalence of these features in ASD, if one exists, are provided in parentheses.
First, we review clinical features shared by both ASD and mitochondrial disease. Some clinical features are common in ASD. For example, developmental delay is part of the definition of both autistic disorder and PDD-NOS. Developmental regression (i.e. loss of skills) is also relatively common in these disorders. It is generally believed that approximately one-third of children with ASD have a history of regression (21) . Because children with regression will acquire developmental delays as a result of the regression, and some studies have suggested that children with regression have subtle developmental delays before the regression (22) , many children with regressive-type ASD will have a higher probability of a mitochondrial disorder than children with nonregressive ASD.
Some clinical features of mitochondrial dysfunction are not commonly recognized as being associated with ASD. In fact, Weissman et al. (13) suggested that children with ASD and mitochondrial disease seemed to have unusual non-neurologic medical disorders and symptoms not typically associated with idiopathic ASD, particularly constitutional symptoms, such as excessive fatigability. Many of the clinical features reported in Table 1 have been well studied in ASD while others have not.
A recent large study of more than 3400 children with ASD from Taiwan demonstrated a significant increase in the prevalence of neurological disorders, including epilepsy, disorders 
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of the peripheral nervous system (i.e. neuropathy), and myopathies, as well as endocrine disorders but did not provide prevalence (23) . Others have reported that up to 25% of individuals with ASD eventually develop clinical seizures (24, 25) . The reported prevalence of GI abnormalities in ASD varies widely from 7 to 91.4%. A recent consensus statement published in Pediatrics concluded that it is likely that the prevalence of GI disorders in ASD is high (26, 27) . Accelerated growth in head circumference, height, and length within the first year of life has been documented in some children with ASD in several studies, although the prevalence of this overgrowth has not been studied (28) . Finally, a recent large study reported the prevalence of recurrent risk of ASD in a sibling as 10.9% (29) .
Some of the features of mitochondrial disease listed in Table 1 might be associated with ASD, but these features have not been well studied in the general ASD population. Given that peripheral neuropathies are associated with abnormal electromyography studies, and that there is an increased incidence of peripheral neuropathy in ASD (23), an increased prevalence of abnormal electromyography is likely in ASD. Exercise intolerance has been found to be a common symptom of children with ASD and concomitant mitochondrial disease (13) . Rhabdomyolysis and myoclonus have been reported in ASD associated with mitochondrial disease (30) , extrapyramidal signs may be seen in children with ASD and creatine deficiency syndromes (31) , and rhabdomyolysis and extrapyramidal signs have been reported in individuals with ASD taking antipsychotic medications (32, 33) . Pyramidal signs are typically seen in neurological disorders, such as CP, that may also be associated with ASD (34) . Heart and kidney defects are not uncommonly seen in genetic syndrome associated with ASD (2,35). Other symptoms listed in Table 1 as probably not associated with ASD have not been reported to have a specific association with ASD but also have not been specifically studied in ASD.
The estimation of the prevalence of features listed in Table  1 in ASD is complicated, and studies that have provided estimates have notable limitations. One of the most important limitations is the probability of referral bias. For example, children with GI symptoms are more likely to be referred to a GI clinic than those without such symptoms, resulting in prevalence estimates of GI abnormalities derived from GI clinics biased to higher prevalence rates than found in the general ASD population. The other major limitation when considering clinical features of children with ASD is the fact that children with ASD often have other comorbid conditions (e.g. CP and genetic syndromes) other than mitochondrial disease that might or might not account for these features. Of course, this is further complicated by the fact that many comorbid conditions may also be associated with mitochondrial disease (e.g. seizures, CP, and genetic syndromes). However, from this brief review, we see that some clinical features that define mitochondrial disease are rather prevalent in ASD, whereas other clinical features that are not uncommon in mitochondrial disease are not typically observed in ASD. If a subgroup of children with ASD and mitochondrial disease exists, it would be expected that this ASD subgroup would manifest the multiple clinical features associated with mitochondrial disease. However, the overlap of these various symptoms in ASD has not been well studied. Further research will be needed to examine the prevalence of these clinical features in more detail in children with ASD and document the cooccurrence of these features. Now, we review the prevalence of metabolic and imaging abnormalities characteristic of mitochondrial disease in ASD as defined in Table 1 . The prevalence of an elevated lactate in ASD has been examined in six studies varying in sample sizes from 30 to 210 individuals and ranging in prevalence from 17.1 to 76.6% (11,36 -39) . One study examining 192 ASD participants reported a prevalence of 27.6% for an elevated lactate-to-pyruvate ratio (36) . Another study examining 25 children with ASD reported the prevalence of an elevated alanine as 36.0% (40) . The prevalence of elevations in cerebrospinal fluid lactate, protein, and alanine in addition to urinary organic acids has not been well studied in children with ASD, but given the fact that other biomarkers for mitochondrial disease are elevated, it is possible that future studies will reveal an association between these markers of mitochondrial disease and ASD. Only one magnetic resonance spectroscopy study examined lactate levels in nine children with ASD and demonstrated elevated lactate in 11.1% (41) . In addition, only one large clinical study examined clinical MRI findings in nonsyndromic ASD (42) and reported that 31.9% of participants had T2-weighted white matter abnormalities. It is possible that some of these white matter abnormalities could be described as stroke-like, but there is insufficient information in the study to determine whether a subset of such children had stroke-like findings or not. Furthermore, this large study did not describe any cases with Leigh syndrome abnormalities.
This review of the metabolic and imaging abnormalities associated with ASD suggests that approximately one third of children with ASD have metabolic abnormalities that would contribute to the definition of mitochondrial disease, whereas substantially less have imaging scans consistent with mitochondrial disease. One significant limitation of these studies is that they do not report whether different abnormalities are shared by the same patients because, for the most part, individual studies examined specific metabolic or neuroimaging abnormalities instead of a wide range of metabolic and neuroimaging abnormalities. Further studies will need to examine the overlap in metabolic and neuroimaging abnormalities in ASD to determine the true percentage of children with mitochondrial-type metabolic and neuroimaging abnormalities. These studies are also limited by the factors discussed above, such as potential sampling bias. In addition, metabolic studies are particularly difficult to interpret as improper collection, handing and storage of biological samples can distort the results. For example, it is well known that the use of a tourniquet during collection of blood lactate may artificially increase the value. Some studies have used control patients to partially control for blood collection techniques, but for the most part, most studies have relatively small numbers of subjects and/or are uncontrolled. One large population-based study (discussed below) provides more reassuring evidence that the prevalence of an abnormal lactate is truly elevated in ASD (11) .
Only a few studies have reported morphological mitochondrial abnormalities in ASD and such reports described children with clear mitochondrial disease. For example, these reports have found reduced cytochrome oxidase staining (13), ragged-red fibers (13, 43, 44) , and electron microscopy abnormalities (13,44 -49) . However, it is difficult to determine the prevalence of such morphological abnormalities in children with ASD because most individuals with ASD do not undergo muscle biopsy unless mitochondrial disease is strongly suspected.
Given the fact that children with ASD have been reported to have features suggestive of a possible mitochondrial disease, it is easy to see why some have suggested that mitochondrial and other metabolic disease should be carefully considered in children with ASD (50 -53) . However, the limitations of prevalence studies, and the lack of knowledge of whether there is a subgroup that manifests multiple abnormalities, makes it difficult to determine the true prevalence of a subgroup of children with ASD with concomitant mitochondrial disease.
Studies Examining the Prevalence of Mitochondrial Disease in ASD
Although several studies have reported the prevalence of mitochondrial disease in ASD, one study was particularly well designed to prevent sampling bias. This populationbased study screened 67,795 children in Portugal and the Azores Islands for ASD (11) . Of the 120 children with ASD identified, 69 were screened for mitochondrial disease by examining plasma lactate. Of the 14 patients (20%) with an elevated lactate level, 11 (79%) underwent a deltoid muscle biopsy for confirmation of mitochondrial disease. Five of the 11 (46%) who underwent muscle biopsy met criterion for "definite" mitochondrial disease, yielding a mitochondrial disease prevalence in the general ASD population of 7.2%. This prevalence estimate is markedly higher than the prevalence of mitochondrial disease in the general population (ϳ0.01%) (15) .
Although the above study was particularly robust in its design, it is likely that the prevalence of mitochondrial disease was underestimated for several reasons. First, individuals with a normal lactate did not undergo a thorough evaluation for mitochondrial disease even though some individuals with ASD and concomitant mitochondrial disease are known to have normal lactate levels. An example of this is provided in a recent controlled study which found a prevalence of mitochondrial dysfunction in 80% of children with ASD despite only 20% of such children demonstrating elevated lactate levels and only 10% meeting criteria for definite mitochondrial disease (12) . Of course this recent study was limited in sample size and examined mitochondrial function in lymphocytes instead of more typical examinations of muscle and/or skin. The examination of mitochondrial function in lymphocytes in children with ASD is particularly problematic as these children may have immune system abnormalities that might adversely affect mitochondrial function. For example, children with ASD, compared with controls, have been shown to have elevations in TNF-␣ in lymphocytes (54) and in the CNS (55, 56) . TNF-␣ is a proinflammatory cytokine that can inhibit mitochondrial function (57, 58) .
Second, lactate alone was used to screen for mitochondrial disease in the population study despite the fact that mitochondrial markers other than lactate may have identified children with ASD and mitochondrial disease. For example, abnormalities in pyruvate (12, 39) , ubiquinone (59) , and acyl-carnitines (60) , all markers of mitochondrial dysfunction, have been reported in children with ASD. In addition, children with ASD and concomitant mitochondrial disease have been reported to have elevations in ammonia (49) and the alanine-to-lysine ratio (61), two markers not typically considered when conducting a workup for mitochondrial disorders in ASD. Thus, additional studies will be needed with a more comprehensive set of mitochondrial markers to consider the true prevalence of mitochondrial disease in children with ASD.
Physiological Abnormalities Associated With ASD Can Be Explained by Mitochondrial Dysfunction
Mitochondria are a predominant source of reactive oxygen species (ROS), especially in the context of abnormal electron transport chain function (16, 62) . Individuals with ASD have been shown, as a group, to be under higher oxidative stress and have reduced levels of antioxidants compared with controls (63) (64) (65) . It is likely that mitochondrial dysfunction could be the cause of abnormally high levels of oxidative stress found in individuals with ASD. This notion is consistent with two studies reporting in vitro mitochondrial function in lymphoblasts obtained from the Autism Genetic Resource Exchange. Higher concentrations of ROS and reactive nitrogen species was found in ASD mitochondria compared with controls in one study (Chauhan et al. , Mitochondrial abnormalities in lymphoblasts from autism, International Meeting for Autism Research, May15-17, 2008, London, England, Abstract 146.17) and a lower mean concentration of reduced mitochondrial glutathione, a key antioxidant that protects the mitochondria, compared with controls was found in the other study (65) . The depletion of reduced glutathione in mitochondria has been associated with impaired mitochondrial function (66) and additional ROS production (67) . This may initiate a vicious cycle as increased ROS can further impair mitochondrial function (67, 68) .
Mitochondrial function can also contribute to abnormalities in neuronal functional that have been reported in ASD. For example, an imbalance in the excitatory (glutamate) and inhibitory (gamma-aminobutyric acid) neurotransmitter systems has been implicated in the pathogenesis of ASD, with a relative increase in the excitatory-to-inhibitory ratio (69) . Mitochondrial dysfunction can lead to reduced synaptic neurotransmitter release in neurons that have high firing rates, such as inhibitory gamma-aminobutyric acid interneurons (19) . Thus, mitochondrial dysfunction can result in a reduction 45R in inhibition and the relative increase in the excitatory-toinhibitory ratio observed in ASD. Furthermore, calcium signaling is essential for the integrity of synaptic function, and abnormal calcium signaling has also been implicated in ASD (70, 71) . Mitochondria are well known to have a pivotal role in the regulation of plasma membrane calcium channels and transporter activities (72) .
Animal Models of ASD That Demonstrate Mitochondrial Dysfunction
The maternal ubiquitin protein ligase E3A (UBE3A) deficiency mouse is a model of Angelman's syndrome, a syndrome that frequently includes ASD features. Recently, this mouse model was reported to have abnormal mitochondrial morphology and a partial oxidative phosphorylation defect in complex III in the hippocampus (7) . In addition, the methyl CpG binding protein 2-null mouse is a model of Rett syndrome, a neurodegenerative disorder that includes ASD features. This mouse demonstrates decoupling of the respiratory complexes and overexpression of the nuclear gene for ubiquinol-cytochrome c reductase core protein 1, a gene that codes for a subunit of the electron transport chain complex III (73) . Recently, one research group has demonstrated that intraventricular injection of propionic acid into the rat results in some behavioral features of ASD such as repetitive behaviors, social interaction problems, and hyperactivity. This rat model has been demonstrated to have mitochondrial dysfunction (74 -77) . However, the biological validity of intraventricular propionic acid injection as an etiological mechanism for causing ASD is rather unclear. Other animal models of ASD exist, but many of them have not been examined for mitochondrial dysfunction. Closer examination of other animal models of ASD will help investigators understand whether mitochondrial dysfunction is a common link or not that helps to explain the animal model link to ASD.
Conclusion: Mitochondrial Disease and ASD:
Is There a Connection?
Mitochondrial dysfunction is the most common metabolic abnormality associated with ASD (5, 78) . A large populationbased study estimated the prevalence of mitochondrial disease in ASD to be ϳ7.2%, whereas a more recent but small controlled study has suggested that the prevalence of mitochondrial dysfunction (at least as measured in lymphocytes) in ASD may be as high as 80% (12) . Many clinical features and biochemical and physiological abnormalities associated with ASD could be related to mitochondrial disease and/or dysfunction. In addition, the immune, detoxification, and redox regulation systems are highly energy-dependent systems and have been shown to be dysfunctional in ASD. Finally, some animal models of ASD have been reported to have mitochondrial dysfunction. It is important to recognize that many studies examining patients with ASD have small sample sizes and that the clinical diagnosis of ASD is quite heterogeneous, perhaps because of the variety of psychological instruments used to diagnose ASD; this finding adds to variability across studies. However, despite the limitations of many studies, there is clear evidence that suggests that mitochondrial dysfunction is important in at least a subset of individuals with ASD. As laboratory tests advance to allow clinicians to more accurately detect genetic and metabolic disorders, investigators will be able to increase the diagnostic yield of children with ASD to determine which individuals have genetic, metabolic, mitochondrial, and other underlying disorders.
Mitochondrial dysfunction can unify the seemingly disparate clinical findings and physiological abnormalities associated with ASD. However, it should be noted that even if mitochondrial dysfunction underlies the abnormalities in multiple organs and physiological systems, mitochondrial dysfunction could still be secondary to other biological processes such as elevated ROS or chronic immune dysfunction, both of which have been implicated in ASD (54 -56,63-65) .
